This study proposes a temperature compensation method of the complex permittivities of biological tissues and organs. The method is based on the temperature dependence of the Debye model of water, which has been thoroughly investigated. This method was applied to measured data at room temperature for whole blood, kidney cortex, bile, liver, and heart muscle. It is shown that our method can compensate for the Cole-Cole model using measured data at 20 ℃, given the Cole-Cole model based on measured data at 35 ℃, with a root-mean-squared deviation of 3～11 % and 2～6 % for the real and imaginary parts of the complex permittivities, respectively, among the measured tissues.
Ⅰ. Introduction
Complex permittivities of biological tissues and organs are indispensable parameters for developing biomedical applications of electromagnetic fields (EMFs) and assessing the EMF safety of wireless communication techniques. The most widely used complex permittivity database was developed by Gabriel et al. [1～4] , who measured the complex permittivities of several dozens of tissues and organs from 10 Hz to 20 GHz. Their Cole-Cole model has been used for determining complex permittivities up to 100 GHz.
In the quasi-millimeter wave and millimeter wave frequency region, the dielectric polarization of water molecules is dominant and known as γ-dispersion [5] . The relaxation frequency of the water molecules is around 20 GHz, the upper limit frequency of Gabriel's measurements. This suggests the possible limitation of the ColeCole models based on Gabriel's measurement data up to 20 GHz.
To enhance knowledge of the complex permittivities of biological tissues and organs in quasi-millimeter wave and millimeter-wave bands, we have recently conducted comprehensive measurements of the complex permittivities of biological tissues and organs [6] .
Our measurements were conducted using biological samples at room temperature. Because the complex permittivities of biological tissues depend on temperature, it is necessary to correct the measured complex permittivities to 36 ℃. In this paper, therefore, we propose a compensation method for the complex permittivities of biological tissues and organs in quasi-millimeter wave and millimeter wave bands.
Ⅱ. Methods and Materials

2-1 Measurement System
The measurement system used in this study consists of a coaxial probe (Agilent Technology 85070E, Performance Probe) and a network analyzer (Agilent Technology E8316A). The coaxial probe, Performance Probe, is a newer type, while the slim-type coaxial probe, called Slim Form Probe, has been used for millimeter-wave measurements. The Performance Probe shows an improvement given its temperature characteristics: the available temperature range is -40 to 200 ℃, compared with 0 to 125 ℃ for the other probe. The difference between the Performance Probe and Slim Form Probe is described in Appendix.
The typical accuracy of the measurement system is specified as 5 % [7] . The uncertainty of the measurement system with the slim-type probe has been reported previously [8] , and is largely applicable to this study.
2-2 Tissue Samples
Biological tissues and organs measured in this study were sampled from swine. The tissues are whole blood, kidney cortex, bile, liver and heart muscle. All of the tissues are of high-water-content while fat and bone are classified as low-water-content ones.
The samples were stored with minimum water-evaporation. The measurements of the complex permittivities were conducted within 12 hours of slaughter. The details of the preparation of the samples are described elsewhere [6] .
2-3 Measurement Conditions and Cole-Cole Parameters
The temperature of the samples was regulated using a temperature-controlled water-bath (Fig. 1) 
The unknown parameters of the Cole-Cole model (Eq. 1), i.e. ε ∞ , ε s , σ dc , α, and τ, are determined with Levenberg-Marquardt method [9] . 
2-4 Temperature Compensation Method
Because γ-dispersion is due to water-molecule dielectric polarization, we assumed that the temperature dependence of the complex permittivities of biological tissue and organs follows that of water in the frequency region where γ-dispersion is dominant, i.e., the quasi-millimeter wave and millimeter-wave frequency region.
The temperature dependence of the water has been thoroughly investigated [10] . Or and Wraith described the temperature dependence of the parameters of the Debye model of the water as follows: Using the above temperature dependences, we assume that the temperature dependences of the Cole-Cole model parameters are as follows: where Tm is the measurement temperature of the tissues and organs.
In this study, T m is 20℃. We derived the Cole-Cole parameters at temperatures higher than 20 ℃ from (Eq. 4). It is shown that the complex permittivities significantly change with temperature. Generally good agree-ment is found for each tissue. To evaluate the deviation quantitatively, we show the deviation between the ColeCole model based on the measured data at each actual temperature and the Cole-Cole model at 20 ℃, compensated to each temperature (Fig. 3) .
Ⅲ. Results
The root-mean-squared deviations between the ColeCole model at 35 ℃ and the temperature-compensated Cole-Cole model for all frequency regions are 3～11 % and 2～6 % for the real and imaginary parts of the complex permittivities, respectively, among the measured tissues. The maximum deviations are 6～19 % and 4～7 % for the real and imaginary parts of the complex permittivities, respectively. A relatively large deviation appears at high frequencies for the real part of the complex permittivities especially with the heart muscle.
Ⅳ. Discussion
We developed a temperature compensation method for the complex permittivities of the biological tissues and organs in the quasi-millimeter-wave and millimeter-wave frequency region. This method is based on the temperature dependence of the Debye parameters of water. We demonstrated that the compensated data agree with the actual-temperature data. A discussion of the method follows.
As shown in Fig. 3 , relatively large deviations appear in the higher frequency region for the real part. The deviation at higher frequencies reflects the small value of the real part of the complex permittivities, where the relative error of the fitting Cole-Cole model increases with the fitting method used in this study [9] . The integrated absolute error is minimized.
We also discuss the impact of the EMF dosimetry between the compensated Cole-Cole model and the original Cole-Cole model. Fig. 4 shows the transmission coefficient, corresponding to the total power absorption of the biological body, a homogeneous slab (heart muscle), with normal TEM wave incidence from 5 GHz to 50 GHz based on the complex permittivities of the compensated Cole-Cole model and the original Cole-Cole model.
No significant difference appears for all cases while a relatively large difference appears at higher temperatures and at higher frequencies; the maximum deviation is 3 %. This is interesting because the deviation of the real part of the complex permittivities significantly affect the power absorption by biological objects although the imaginary part of the complex permittivities, i.e., conductivity, is more dominant for power absorption by biological objects in the lower frequency region, including cellular-phone operating frequency bands.
The temperature dependence of the complex permittivity of the biological tissues and organs has been investigated [11] although most previous studies focused on lower frequencies, i.e., up to several gigahertzes. Foster et al. reported that the temperature dependence is at most 2 %/℃. Our results show reduced temperature dependence.
Finally we also note that Performance Probe is preferred for accurate measurement for temperatures higher than room temperature, or calibration temperature, as described in Appendix. However biological samples are frequently sampled in tiny quantities, e.g., a cornea. This may be a disadvantage for the Performance Probe because the probe requires a larger sample volume than the Slim Form Probe [7] . Our temperature-compensated method is therefore useful for cases in which the Slim Form Probe can only measure tiny biological samples.
Ⅴ. Conclusion
We proposed a temperature compensation method of the complex permittivities of biological tissues and organs in the quasi-millimeter and millimeter wave frequency region. The method is based on the temperature dependence of the Cole-Cole parameters of water.
We then compared the Cole-Cole model based on the measurement data at each actual temperature and the temperature-compensated Cole-Cole model based on the measurement data at room temperature. The comparison showed that our method can fairly approximate the temperature dependence of the complex permittivities from 5 GHz to 50 GHz with a root-mean-squared deviation of 3～11 % and 2～6 % for the real and imaginary parts of the complex permittivities, respectively, among the measured tissues.
Further investigation on other types of tissues and organs, especially tissues with low water content such as fat and bone, is necessary. The maximum deviations between the reference data [10] and the measured data with Performance Probe are 21 % and 6 % for the real and imaginary parts of the complex permittivities, respectively. The maximum deviations between the reference data and the measured data with Slim Form Probe are 35 % and 17 % for the real and imaginary parts of the complex permittivities. This suggests that Performance Probe is more appropriate for measurement at temperatures higher than room temperature.
